Mutations in the voltage-gated K + channel Kv1.1 have been linked with a mixed phenotype of episodic ataxia (EA) and/or myokymia. Recently, we presented autosomal dominant hypomagnesemia as a new phenotypic characteristic associated with a mutation in Kv1.1 (N255D). A conserved asparagine at position 255 in the third transmembrane segment was converted into an aspartic acid, resulting in a non-functional channel. In this study, we explored the functional consequence of this conserved residue by substitution with other hydrophobic, polar or charged amino acids (N255E, N255Q, N255A, N255V, N255T, N255H). Upon overexpression in human embryonic kidney (HEK293) cells, cell surface biotinylation revealed plasma membrane expression of all mutant channels. Next, we used the whole-cell patch clamp technique to demonstrate that the N255E and N255Q mutants were nonfunctional. Substitution of N255 with other amino acids (N255A, N255V, N255T, and N255H) did not prevent ion conduction and these mutant channels activated at more negative potentials compared to wild-type channels, -41.5±1.6, -45.5±2.0, -50.5±1.9, and -33.8±1.3 mV to -29.4±1.1 mV, respectively. The time constant of activation was significantly faster for the two most hydrophobic mutations, N255A (6.2±0.2 ms) and N255V (5.2±0.3 ms), and the hydrophilic mutant N255T (9.8±0.4 ms) in comparison to wild-type (13.0±0.9 ms). Furthermore, the voltage-dependence of inactivation was shifted ~13 mV to more negative potentials in all mutant channels except for N255H. Taken together, our data showed that an asparagine at position 255 in Kv1.1 is required for normal voltagedependence and kinetics of channel gating.
Voltage-gated K + channels (Kv) are a diverse family of membrane proteins, with the Shaker-related group (Kv1) representing a major sub-family (1) (2) (3) . Its members play an important role in excitable cells by setting the resting membrane potential, shaping the action potentials, and by controlling the neuronal excitability (4) . Kv channels comprise of four subunits that encircle a central ion conduction pathway (5, 6) . Each subunit consists of six transmembrane-spanning α-helices (S1-S6) with both the amino (N) and the carboxyl (C) terminal on the intracellular side. The S1-S4 segments form the voltage sensing domain, whereas S5 and S6 along with the intervening reentrant P-loop form the pore domain (7, 8) . Kv channels are known to switch between the closed and open conformation upon cell depolarization (8, 9) . Several molecular mechanisms on voltagesensing motion have been described, i.e. the canonical or helical screw model, the transporter model, the paddle model, and the twisted S4 model (8) . It is generally accepted that the array of positive charges on the S4 helix form the principal structural elements responsible for voltage sensing (8) .
Kv1.1 was the first mammalian subunit of the Kv family to be cloned and is abundantly expressed in excitable and non-excitable cells (10, 11) . Studies with Kv1.1 knock-out (KO) mice showed that deletion of Kv1.1 results in a seizure disorder similar to epilepsy (12) . Mutations in Kv1.1 in humans are the cause of periodic episodic ataxia type 1 (EA1) and/or myokymia (13) (14) (15) (16) (17) (18) . Electrophysiological analyses of these mutant Kv1.1 channels showed either a significant reduction in current amplitude or altered kinetic properties compared to wild-type Kv1.1 channels (14, 19, 20) .
Recently, a novel mutation, in the third transmembrane segment of Kv1.1 was identified in a family with isolated autosomal dominant 2 hypomagnesemia. Surprisingly, hypomagnesemia had thus far not been reported in patients with mutations in Kv1. 1 . Furthermore, this study demonstrated Kv1.1 expression in the apical membranes of the renal distal convoluted tubule (DCT) segment, where active Mg 2+ reabsorption takes place. The mutation resulted in the single amino-acid substitution of an asparagine at position 255 for an aspartic acid (N255D) (21) . The mutant channel was non-functional with a dominant negative effect on wild-type channel activity. Aim of the present study is to characterize the N255D mutation in Kv1.1. To examine the importance of this position in channel function, we systematically substituted six amino acids with different chemical and physical properties. The mutant Kv1.1 channels were electrophysiology and biochemically analyzed.
Experimental procedures
DNA constructs-Full-length wild-type KCNA1 and N255D mutant were constructed in the pCIneo-IRES-GFP expression vector as previously described (21) . Other KCNA1 mutants (N255A, N255E, N255Q, N255H, N255T, N255V) were created using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) according to the manufacturer's protocol. All constructs were verified by sequence analysis. Electrophysiology-HEK293 cells were grown in DMEM (Bio Whittaker Europe, Vervier, Belgium) containing 10% (v/v) fetal calf serum, 2 mM lglutamine and 10 µg/ml Ciproxin at 37 °C in a humidity-controlled incubator with 5% (v/v) CO 2 . Cells were transiently transfected with the respective constructs using Lipofectamine 2000 (Invitrogen-Life Technologies, Breda, The Netherlands), as described previously (22) , and electrophysiological recordings were performed 48 hours after transfection. Transfected cells were identified by their green fluorescence when illuminated at 488 nm. Non-transfected (GFPnegative) cells from the same batch were used as controls. Patch clamp experiments were performed in the tight seal whole cell configuration at room temperature (20-25°C Recordings of Kv1.1 were obtained by voltage steps, applied every 10 sec, consisting of 150 ms steps from -100 mV to +50 mV (10 mV increments). The holding potential was -80 mV. Equimolar pipette and bath solutions of K + (140 mM) were used to determine the voltage dependence of activation. For steady-state inactivation, cells were held at -80 mV, and then subjected to steps from -90 mV to +30 mV (10 mV increments) for 10 s, followed by a depolarizing step to +30 mV. Linear leak and capacitance currents were corrected with a P/5 leak subtraction procedure (23) . The analysis of patch clamp data was performed using Igor Pro software (WaveMetrics, Lake Oswego, USA). Current densities were obtained by normalizing the current amplitude to the cell membrane capacitance. Cell surface biotinylation-Cell surface labelling with biotin was performed as described previously (24) . HEK293 cells were transiently transfected with 1 µg wild type or mutants Kv1.1 constructs using Lipofectamin 2000 (Invitrogen-Life Technologies), in 6-well plates (1,5 million cells per plate). At 48 hours after transfection, the biotinylation assay was performed using the sulfo-NHS-LC-LC-biotin (Pierce, Etten-Leur, The Netherlands). Cells from each 6 well were homogenized in 1 ml lysis buffer as described previously (25) . Next, 5% of the total protein amount was collected as an input sample. Subsequently, biotinylated proteins (plasma membrane fraction) were precipitated using neutravidin-agarose beads (Pierce). Kv1.1 expression was analyzed by immunoblot analysis for the input and the plasma membrane fraction using the monoclonal Kv1.1 antibody (Neuromab, Davis, CA, USA). Sequence analysis and structure modelling-The structural model of Kv1.1 was built based on the 3D structure of a chimeric Kv1.2-Kv2.1 channel (26) (PDB-file 2R9R). In order to obtain optimal 3 modeling results, we used a re-refined version of this template from the PDB_REDO data bank (27) 
RESULTS
Structure analysis of Kv1.1 N255. A few years ago, the crystal structure of the mammalian Kv channel, Kv1.2, has been solved. This crystallized structure has been used to construct a paddle-chimera channel where the Kv2.1 voltage sensor paddle (S3b and S4 helices) has been transferred to Kv1.2 (5, 26) . Based on this latter chimaeric Kv1.2-Kv2.1 structure, homology modeling of Kv1.1 was performed ( Fig. 1B ; http://www.cmbi.ru.nl/~hvensela/Kv1.1/). The sequence identity between Kv1.2-Kv2.1 and Kv1.1 was 75%, which is enough to build a good homology model (29) . Kv1.1 subunits consist of six transmembrane α-helices with both the N-and the C-terminal tails of the protein at the intracellular side (Fig. 1C) . Recently, a missense mutation in Kv1.1 was found in patients with isolated autosomal dominant hypomagnesemia, converting the highly conserved aspargine at position 255 (Fig. 1A) into an aspartic acid (21) . This mutation is positioned in the third transmembrane segment (S3) close to the intracellular compartment ( Importantly, both channels were expressed at the plasma membrane in equal amounts (21) . To examine the importance of N255 in Kv1.1 channel function, we substituted the asparagine by six different amino acids with distinct chemical and physical properties (N255E, N255Q, N255A, N255T, N255V, and N255H). We used the homology model to study the effect of these mutations on the structure of the channel ( Fig. 1D ; http://www.cmbi.ru.nl/~hvensela/Kv1.1/). The asparagine was converted into a glutamic acid or histidine to investigate the involvement of charge in channel function. Further, glutamine was used as a control to test the possible steric hindrance of the extra CH 2 -group in glutamic acid. Next, we introduced alanine and valine as non-polar amino acids that are not able to participate in hydrogen bonding. Threonine was used as a control for residue size as alanine is a smaller amino acid.
Surface expression of the Kv1.1 mutants. The effect of the substituted amino acids on the amount of Kv1.1 channels at the plasma membrane was examined by cell surface biotinylation experiments. As shown in Fig. 2A , the substitution of N255 by other amino acids did not affect the expression of Kv1.1 channels at the plasma membrane.
Electrophysiological characterization of Kv1.1 mutants. Whole-cell patch clamp recordings from HEK293 cells transiently expressing the wild-type Kv1.1 gave typical delayed rectifying currents, in response to a depolarization step from -100 mV to +50 mV (Fig. 2B ). We observed in the Kv1.1 mutants a clear difference in current amplitude corresponding to the amino acid substituted. The Kv1.1 N255E and N255Q mutants showed small current amplitudes, similar to mock and the described Kv1.1 N255D mutation (21) . Further, Kv1.1 N255A, N255T, and N255H displayed slightly increased current amplitudes compared to wild-type Kv1.1. The other substituted amino acid (N255V) did not affect the current amplitude of Kv1.1 (Fig. 2B/C) .
In order to characterize the activation from the functional mutant and wild-type Kv1.1 channels, tail currents were elicited by 150 ms depolarizing pulses from -100 mV to +50 mV in 10 mV increments every 10 s, from a holding potential of -80 mV (Fig. 3A) . The voltage dependence of activation was determined by recording tail currents after pre-pulse voltage 4 steps. The amplitude of the tail currents was normalized to the maximum current and plotted as a function of the conditioning potential. Data points were fitted with a Boltzmann equation to determine the potential of half-maximal activation (V 1/2 ) and the slope factor or steepness of voltage dependence (k). This revealed that V 1/2 for all mutant channels was shifted to more negative potentials compared to wild-type, with extreme shifts of 15 to 20 mV for Kv1.1 N255V and N255T ( Fig. 3B ; Table 1 ). The slope factor was not significantly changed for the Kv1.1 mutants compared to wild-type Kv1.1 (Table 1) .
Mono-exponential functions were used for fitting K + current rise to quantify the time dependence of activation (Fig. 4A) . Means of the calculated activation time constants were plotted against the test potentials (Fig. 4B) , demonstrating that the mutant channels activated ~2-3 times faster, except for Kv1.1 N225H that was not different from wild-type Kv1.1 (14.6±0.7 ms vs. 13.0±0.9 ms) ( Fig. 4B ; Table 1 ).
The inactivation of the total outward currents was determined using a standard doublepulse protocol (Fig. 5A) . With the holding potential of -80 mV, 10 s conditioning potentials were given from -90 to +30 mV in 10 mV increments, every 10 s. Then, the membrane was depolarized to +30 mV for 300 ms (Fig. 5A ). The rate of inactivation was quantified by measuring the peak current (I peak ) and the current at the end of the conditioning pulse (I final ). The ratio, I final /I peak , showed that inactivation kinetics were not altered in the mutant channels compared to wild-type channels (Fig. 5B) . Voltage-dependence of inactivation was investigated by plotting the relative amplitudes of the elicited outward currents at +30 mV as function of the potentials. The derived steady-state inactivation curve was fitted to the Boltzmann function, demonstrating the voltage-dependence of inactivation (Fig. 5C ). The N255A, N255T, N255V, N255H mutant channels showed 50% inactivation at -46.7±1.8, -46.9±1.8, -46.8±1.5, and -39.6±1.7 mV, respectively, compared to -33.5±1.0 mV for wild-type Kv1.1 ( Fig. 5C ; Table 1 ).
DISCUSSION
Voltage-gated potassium (Kv) channels are gated in response to changes in transmembrane voltage (30) . Kv1.1 is abundantly expressed in excitable and non-excitable cells (3, 10, 11) . Recently, a mutation in Kv1.1 (N255D) was found in a large Brazilian family with isolated autosomal dominant hypomagnesemia (21) . In the present study, we investigated the nature of the Kv1.1 N255D mutation and demonstrated that the asparagine at position 255 is essential for normal voltage-dependence and kinetics of channel gating. First, homology modeling of Kv1.1 was performed, based on 75% sequence identity with the crystallized Kv1.2-Kv2.1 chimaera. Subsequently, the N255 was substituted into different amino acids (N255E, N255Q, N255A, N255V, N255T, N255H), which did not affect the expression of the channels at the plasma membrane. Second, the N255E and N255Q mutant channels displayed current amplitude close to the control situation (mock) and N255D, and were considered as non-functional. Third, the other mutants (N255A, N255V, N255T) showed a negative shift in V 1/2 compared to wild-type Kv1.1 and had a faster time constant of activation except for N255H. Fourth, the half-maximal inactivation voltage was shifted to more negative potentials for all mutants, with N255H as the exception.
Affected family members from the Brazilian family with inherited hypomagnesemia showed low plasma Mg 2+ levels (0.40 mmol/L; normal range, 0.70-0.95 mmol/L) and suffered from muscle cramps, tetanic episodes, tremor, and muscle weakness. Remarkably, mutations in Kv1.1 thus far were known to result in a mixed phenotype of episodic ataxia (EA1) and myokymia (13) (14) (15) (16) 18, 21) , a neurological phenotype in which hypomagnesemia has not been reported. Kv1.1 was shown to localize to the apical membrane of DCT cells and postulated to be involved in the generation of a favorable apical membrane voltage as a driving force for Mg 2+ entry (21) . It is puzzling that distinct mutations in nearby amino acid residues in Kv1.1 can result in phenotypes with dysfunction in two different organs (brain and kidney). A possible reason is that the composition of Kv1.1 channels in brain and kidney is different, due to tissue-specific expression of auxiliary β-subunits or co-assembly with other Kv1 subunits that define the functional characteristics of these channels (31) (32) (33) Electrophysiological analyses of the EA1/myokymia-related mutant Kv1.1 channels showed either a significant reduction in current amplitude or altered kinetic properties compared to wild-type Kv1.1 channels (14, 19, 20) . The mutation identified in the Brazilian family caused substitution of the asparagine at amino acid position 255 into an aspartic acid (N255D). The asparagine at position 255 is highly conserved among species and Kv1 family members, which suggests its importance in channel function. Indeed, we demonstrated that the change of the neutral asparagine into a negatively charged aspartic acid results in a non-functional channel (21) . In the present study, we investigated the amino acid substitution at position 255 in relation to channel function more extensively.
The tertiary structure of Kv1.1 was modeled by the WHAT-IF server, based on 75% sequence identity with the crystallized Kv1.2-Kv2.1 chimearic channel (5, 26) . The asparagine residue (N255) is located in the third transmembrane segment (S3) close to the S4 voltage-sensor element. S4 contains a long array of positive charges that are shown to sense differences in voltage and start the transition from the closed to open conformation by forming stabilizing hydrogen bonds with the external and internal negative clusters in the voltage-sensing domain (34, 35) . In general, mutations can affect channel activity via loss-of-function at the plasma membrane, protein instability or lack of plasma membrane targeting. Importantly, cell surface biotinylation studies showed that all mutants were expressed at the plasma membrane. Thus, the change in amino acid at position 255 had no effect on channel trafficking. However, the amino acid substitution has a clear effect on channel activity, as we demonstrated that N255E and N255Q channel were non-functional. This indicates that next to the addition of a negative charge at position 255 also an additional CH 2 -group in the side-chain influences channel function, likely via affecting conformational rearrangements.
Subsequently, the voltage-dependence and kinetics of channel gating of the wild-type functional mutant channels were examined. All mutations stabilized the open state of Kv1.1, measured as negative shifts in the voltage dependence of channel activation. There was no obvious correlation between charge and the magnitude of the shift in V 1/2 and k as the effect was not significantly changed for N255H.
Depending on the polarity of the side chain, amino acids vary in their hydrophilic or hydrophobic character (36) . These properties are important determinants of the protein structure and the physical properties of the side chains influence the amino acid residues' interactions with other structures, both within a single protein and between proteins. Therefore, the hydrophilic asparagine could be important for structural rearrangements within the channel in response to voltage changes, which can be affected by conversion into hydrophobic amino acids as alanine and valine. Interestingly, the change in activation kinetics was most evident with these two residues as N255A and N255V activated 2 to 3-fold faster than wild-type channels. Furthermore, these mutants significantly shifted the voltage-dependence of activation. However, the magnitude of shift in V 1/2 was highest for N255T, which suggests that channel gating is independent of hydrogen bonding with the residue at position 255.
Inactivation, besides activation, is another important property with respect to channel function. Interestingly, the voltage-dependence of inactivation was significantly affected in all mutant Kv1.1 channels compared to wild-type Kv1.1 except for N255H. Substitution of the asparagine with other amino acids shifted the halfpoint for inactivation to more negative potentials. The acceleration of the inactivation process is also of interest, as it is explained by a constriction mechanism of the outer mouth of the channel vestibule (37, 38) . It has been demonstrated that negatively charged clusters in the S2 and S3 segments, together with the positive charges in S4, are involved in the opening and closing of Kv1 channels (26) . In line with this, an earlier study showed that mutation of conserved negatively charged residues in the S2 and S3 segments selectively modulate channel gating. Mutation of the aspartic acid at position 258 in Kv1.1 abolished channel activity (39) . Therefore, we suggest that an additional negative charge nearby this cluster in S3 could keep the channel in the inactivated state, which may explain the nonfunctionality of the mutation found in patients 6 with hypomagnesemia (N255D). However, there were no significant changes in inactivation kinetics between wild-type and mutant channels.
Taken together, we have previously described hypomagnesemia as a new phenotypic variability associated with a mutation in Kv1.1 (N255D) (21) In this study, we provided more information about the structural arrangement of N255 and its involvement in channel activity. We have demonstrated that N255 is essential for normal channel function, since substitution by other amino acids significantly altered channel activity, voltage-dependence and kinetics of Kv1.1 channels. The abbreviations used are: EA1, episodic ataxia type 1; Kv1.1, voltage-gated potassium channel subtype 1.1. Fig. 1 . Structural analysis of mutations in Kv1.1 at position 255. A. Multiple alignment analysis shows conservation of the N255 amino acid (black bar) among species, and human family members Kv1.2 and Kv2.1. Light gray and dark grey colored letters represent conserved and non-conserved amino acids, respectively. B. The predicted 3D-structure model of the tetrameric Kv1.1 channel. C. Schematic representation of the Kv1.1 channel, which consists of six transmembrane segments (S1-S6) with S1-S4 functioning as a voltage sensing domain and a pore-forming region between S5 and S6. Localization of the N255 position is denoted by the light gray dot. D. Enlarged view of the predicted 3D-structure model showing the side chains of the polar residues surrounding N255 and the mutated amino acids at this position. The activation curve of the wild-type Kv1.1 (n=5) and Kv1.1 N255A currents (n=4), wild-type Kv1.1 (n=5) and Kv1.1 N255T currents (n=5), wild-type Kv1.1 (n=5) and Kv1.1 N255V currents (n=5), and wild-type Kv1.1 (n=5) and Kv1.1 N255H currents (n=4), respectively. Normalized tail currents are plotted as a function of the pre-pulse potential. The lines reflect the best fits to the averaged current-voltage data points, according to the Boltzmann equation:
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FIGURE LEGENDS
where I is the current measured at each test potential, V; I max is the maximal current; V 1/2 is the voltage of half-maximal activation; and k is the slope factor. Outward currents were evoked on membrane depolarizations to +30 mV after (10 s) conditioning pre-pulses to potentials between -90 and +30 mV from a holding potential of -80 mV. B. Histogram of current amplitudes at the end of the conditioning voltage step (I final ) at +30 mV relative to the peak current amplitude at the beginning of the step (I peak ). C. The steady-state inactivation curve of the wild-type Kv1.1 (n=5) and Kv1.1 N255A currents (n=5), wild-type Kv1.1 (n=5) and Kv1.1 N255T currents (n=5), wild-type Kv1.1 (n=5) and Kv1.1 N255V currents (n=5), and wild-type Kv1.1 (n=5) and Kv1.1 N255H currents (n=2), respectively. The peak amplitudes of currents at +30 mV evoked from each conditioning potential were measured in individual cells and normalized to the amplitude of the current evoked after the conditioning pulse at -80 mV. Normalized currents are plotted as a function of the conditioning potential. The lines represent the best Boltzman fits to the data points I = I max / (1 + exp (( V-V 1/2 ) / k )), where I is the current measured at each test potential, V; I max is the maximal current; V 1/2 is the voltage of half-maximal inactivation; and k is the slope factor. 
Steady-state inactivation
The voltage-dependent parameters of activation and inactivation (V 1/2 and k) were obtained from the Boltzmann equation as described in Fig. 3 and Fig.5 
